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Possible phase-sensitive tests of pairing symmetry in pnictide superconductors
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The discovery of the new class of pnictide superconductassemgendered a controversy about their pairing
symmetry, with proposals ranging from an extended s-wavés.gt symmetry to nodal or nodeless d-wave
symmetry to still more exotic order parameters such as pewav this paper, building on the earlier, similar
work performed for the cuprates, we propose several ptesstive Josephson interferometry experiments,
each of which may allow resolution of the issue.

PACS numbers: 74.20.Rp, 76.60.-k, 74.25.Nf, 71.55.-i

first tasks the condensed matter physics community faces
upon discovery of a new superconductor. Historically, as
pointed out by Harlinger [1], methods of determining order
parameter symmetry have fallen into two classes: techsique
which are sensitive to thmagnitude of the order parameter,

and techniques which are sensitive to fif@ase. Most of

the magnitude sensitive techniques are ultimately comcern

with the presence of Fermi surface nodes. Examples include Y
thermodynamic tests such as density-of-states, speci#it he
and London penetration depth. The first experimental tech-
nigue to yield detailed information about the momentum de-
pendence of the order parameter was angle-resolved photoe-
mission spectroscopy (for a review, see Ref. [2]), or ARPES,
which demonstrated the substantial momentum anisotropy in
the high-temperature cuprate gap function.

None of these tests, however, is a “smoking gun” ulti-
mately capable of unequivocally determining the orderipara
eter structure. For this one also requires a phase-sentgtt;  FIG. 1: (Color online) A view of the calculated Fermi surfamome-
such as the Josephson interferometry [3] or tricrystal functry in a superconducting pnictide LaFeAg6Fo 1, with hole () and
tions [4]. Such tests, as originally proposed by Geshkenglectron pockets (l\/_l) indicated. Fora_thick ba_rrier the kleiccles
bein et al [5], Rice and Sigrist/[6], and Leggett [3] provided represent the Fermi surface states which dominate the (L0@nt,
highlv convincing evidence for d-wave superconductivity | while the grey C|.rcles., represept the states which domirrete110)

ghly 9 g . p Y1 current. A possible intermediate angle, where the electroface
the cuprates, effectively ending a controversy of sevegaty,  may dominate the current, is shown by the arrow.
and have been also used to address p-wave superconductivity
in SLRUOYT].

We now consider such a test of order parameter symmetion in inelastic neutron scattering (INS) measurements on
try in the pnictide superconductors, which have been extenBay ¢Ko4FeAs,[10] of a resonance peak centeredQit=
sively investigated since the original discovery by Kaméha (11, 11) that appears beloW. This effect has been well-studied
early in 2008|[8]. There are now dozens of superconductori, connection to the cuprates [11], and in pnictides it haghbe
in this family, with superconducting transition temperai,  predicted theoretically for the. states because of the change
as high as 57 K. Bandstructure calculations and ARPES datfia order parameter sign|[9,.12,/13] over the ve€oMore re-
indicate that these materials contain disjoint Fermi sig$a  cently, an ab-corner junction experiment was performefl [14
as illustrated in Figure 1, with a hole pocket centered adlounon BaFe gCay2As,, which found no evidence for a phase
(0,0) and electron pockets @t, 1) and related points. shift between the a and b directions, suggesting that the d-

Despite this effort, the gap symmetry of the pnictides re-wave symmetry observed in the cuprates is not present in
mains unknown. A potential pnictide gap function presentlythis material. Similarly, Zhang et al [15] fabricated c®xi
receiving much consideration is the/"sstate [9], in which  Josephson junctions between a conventional supercorrducto
the order parameter changes sign from the hole to electroand Ba_xKxFexAs; and observed Josephson coupling, sug-
Fermi surfaces, but is roughly constant on each Fermi seirfacgestive of an s-wave state, but not providing clear evidence
with no nodes. for the s; state itself.

To date, there have been three phase-sensitive experi- In this paper we propose direct phase-sensitive testsgbase
ments performed on the pnictides. The first is the observaipon Josephson interferometry, that could provide strong e

Identification of order parameter symmetry is one of the r ?
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dence for an s state, if existent. The proposal is based on anexponentially withk[1€]. For instance, for a thick vacuum
adaptation of the famous “corner junction” experiments per barrier the transparency is
formed for the cuprates.

We briefly review the theory of corner junctions and their-l-k _ AMBR*K VL VR
application to the cuprates ancbBuQy. In a corner junction, RPMBK2(vL +VR)2 + (APK2 + mBvP) (RPK2 + mBv3) sintP (dK)
the Josephson current is allowed to flow from two separate (1)

faces of a single crystal of unconventional supercondudtor Heremo is the electron mass, r are the Fermi velocity pro-

junction usually preferentially samples current orieratahg jections the tu_nneling directiond,is the width of the barriqr, .
the normal to the interface. By measuring the critical carre @nd the quasimomentum of the evanescent wavefunction in

flow as a function of magnetic field, one can determine théhe barrieriK, is, from energy conservation,
phase difference between the two directions sampled. Such

experiments were enormously successful in determining the K= kﬁ+ 2(U — E)mo,
pairing symmetry in the high-temperature cuprates [3], and
have been also applied to,Ru0y.[7] whereU is the barrier height.

One key to these experiments has been the existence of Now we observe that for an interface normal in the (100)
symmetry constraints dictating a particular phase diffeee  direction, the electron Fermi surfaces have a hkgef ap-
for specific crystallographic directions. In d-wave superc  proximatelyt/a, with a the lattice constant, and will be ex-
ductors, the phase must changatypon a 90 rotation, while  ponentially suppressed for a barrier of any appreciabikthi
in p-wave materials upon a 18@btation. For the s state with  ness. The same is not true for theentered hole Fermi sur-
two or more disconnected Fermi surfaces, as in the pnictide$aces k| < 1/a. Note that a thick barrier need not have very
the situation becomes much more complicated. The familialow transparency: the transparency is defined by both height
from cuprates a/b-plane corner junction will not find phase(which may be low) and thickness, while the filtering prop-
differences since the a and b directions are equivalenhfor t erties are defined by the thickness only. So, for a thick low
s, state. On the other hand, a/c junctions may work, if thebarrier we will have Josephson current dominated by the hole
in-plane and the out-of-plane transport are dominated by di states in the (100) direction, while for the (110) directimth
ferent bands. In the simplest approximation for a speculaholes and electrons will contribute. Unlike for the specula
(infinitely thin) barrier this amounts to comparing the num- barrier, we cannot now determine which band will dominate
ber of conductivity channels for each direction, given by th the (110) current, because the geometric factor beconegs irr
DOS-weighted average of the corresponding Fermi velocitygvant, as long as there are states Witk= 0 (cf. Fig. 1). A
eg., nz= (N(Er )Vrz)[17]. combination of the Fermi velocity and the wave function at

Unfortunately, in the e-doped 1111 compounds, transporihe “hot spot” determines the current[16], and needs to be es
in both a and c directions is dominated by the e-podket [9fimated for each superconductor and for each barrier nadteri
(cf. Figure 1). A glance at the Fermi surface of a hole-doped-or instance, in LaFeAsO and a vacuum barrier it appears that
112 material (Figure 4, dark red) shows that here again théhe hole pocket (mostlyz/yz symmetry, that cannot tunnel
transport in all directions is dominated by the same barisl, th into vacuum) has a considerable admixture oftheymme-
time the hole one. Thus, phase-sensitive experiments do ndy and thus will have a higher tunneling matrix element than
at first appear to be feasible for detecting anssate in the the electron pocket, mostly of thé —y?, xz, andyz symme-
pnictides. try, none of which can tunnel along (110). Numerical esti-

mates, based on the first principle calculations, show tfeat t

There is, however, one additional degree of freedom whictgurrent from the e-pocket is maximized at an intermediate an
may help design a phase-sensitive experiment. For a specul@e as shown in Fig. 1. Itis hard to estimate with confidence,
barrier, all wavevectors from all Fermi surfaces contebtt ~ though, whether at this angle it will overcome the hole cutire
the current, regardless of tunneling direction (that iskof ~ @s needed for a detectable corner-junction phase shift.
However, for a barrier of an appreciable thickness, thimts n~ While it may be worth trying to search experimentally for
the case. The general expression for the Josephson curreénftshift in a (100)-(cos,sina,0) geometry, one can think

between two superconductors is well-known and we repeat i@f @ more promising design. Indeed, let us consider a corner-
here: junction experimentwhere the (100) junction is a thicklear

contact (which as we just discussed, is dominated by the h-
J O (TkImALA0(K)]) pockets), and the second contactis a (010) or a (§&tylar-

barrier junction. As discussed in the beginning, eithehese
Here As is the gap on the conventional superconductor andast contacts in an electron-doped material will be doneidat
Np(k) the gap on the pnictide, and tHe.) means an aver- by the e-pockets, thus providing the desireshift. A possible
age over the states on the pnictide Fermi surface whose Fermeometry is illustrated in Figure 2, if trsa. state is present.
velocity contains a positive projection on the tunnelingedi The basic point here is that, unlike in the cuprates and
tion, which is perpendicular to the sample interface. Thes SrRuUQy, directional selection is not sufficient to select the
the tunneling probability, which for a thick barrier decsea  appropriate region of Fermi surface to sample to uncover a



phase shift. One must use additional selection means,sn thi
case given by the use of different barrier characteristichfi
ferent directions.

Regarding the width and height of the non-specular
potential barrier, the key consideration is that the etactr
FS be suppressed greatly without a comparable suppression
of the hole FS. For a moderate barrier height E = 0.25
eV (which would require a barrier made out of a small-gap
semiconductorEg ~ 0.5 eV) a barrier of width 203 would
only suppress the hole-like Fermi surface by roughly a facto
of 9 (sinif 1.8), while suppressing the electron Fermi surface
by a factor of sinR20 ~ 10'. The calculated hole-like
surface suppression factor neglects the effect of a small bu
finite range in k for this Fermi surface, whose inclusion
could result in a somewhat larger suppression. We also
implicitly assume a substantially electron-doped pnigtisio
that specular transport is governed uniquely by the elactro
Fermi surface.
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FIG. 3: A schematic view of the tunneling geometry for thegused
bicrystal experiments. Top: a c-axis orientation; bottamab-plane

entation with two possible lead orientations.

a bicrystal of a hole-doped (BaxK«xFeAsy) and an electron-
doped (BaFg;_x)CoxAs;) materials. As discussed above,
the doping enhances the size and Fermi velocity of the respec
tive Fermi surfaces, and the conductance is dominated by the
hole or electron Fermi surface, correspondingly. The oely r
maining problem is to ensure the proper phase coherenge, tha

that the holes in both crystals have the same phase, and th

electrons the same, but opposite to that of the holes.

In case of an epitaxial (coherent) interface the paralleleva

vector, k|, is conserved through the interface, and the way

ensure that the h-h and e-e currents are much larger than

the e-h and h-e current is to ensure that the overlap of the FS
FIG. 2: A schematic view of tunneling geometry for two possib projections onto the interface plane is maximal for the e a
experiments: top, a (100) -near-(110) orientation, boftamac ori-  h-h overlaps, as opposed to the e-h overlap. Obviously, this
entation with specular and thick barriers as indicated. condition is satisfied in a bicrystal with a (100) interface —
there is no e-h overlap at all, and the e-e and h-h overlaps are
nearly maximal possible. Unfortunately, growing an epahx
A possible disadvantage of the proposed experiment is th4fL.00) interface may be very difficult.

it requires a rather fine control over the interface properti

On the other hand, growing a (001), or “c-axis” inter-

However, there is yet another possibility of designing a-two face is much more natural. Let us consider the FS over-
junction experiment with at shift. This requires, however, a laps in this case. Figure 4 plots the projections of the
bicrystal as shown in Fig. 3. We propose to grow epitaxiallycalculatedL_l|8] Fermi surfaces of Bafg€0p 4As; (dark red)



and Ba gKo4FeAs; (light green). In this figure the three di- ing experiments with great interest.
mensional Fermi surfaces have been telescoped onto thie basa .
. . It must be pointed out that there are several unknowns com-
plane, so that what one sees is the extent of the Fermi surfac ; ; . )
: S . plicating observation of the interferometric effect prepd.
in the planar direction across all wavevectors. The dopgnag | o . )
S R s opposed to d- or p-wave pairing, tmeshift here is not
els of :20% were chosen because this is the “critical” sprea o . .
. . . a qualitative, symmetry determined effect, but a quartgat
at which the direct overlap of the e-FSs nearly disappears. A : . —
Lo . one, based upon favorable relations for tunneling protisil
any smaller spread there is either direct e-e overlap ordath : ) X
. . or different bands. While we have taken into account some
and h-h overlaps. Obviously, there is no e-h overlap and e-

! . . major factors, accurate calculations of the said proktadsli
transport requires substantial nonconservation of thallear : .
are not possible. Interface properies may greatly affemnth
momentum.

For these reasons the arguments given above should be con-
sidered in the following light: if at phase shift between the
electron and hole Fermi surfaces is observed in any of the pr-
posed geometries, this would be extremely strong evidence
for ans; state; unfortunately, the lack of observation of such
a shift in any given experiment cannot be taken as similarly
strong evidence against such a state.
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FIG. 4: (Color online) A first-principles calculation of tlab-plane
projected three dimensional Fermi surfaces ofy §&4FeAS,
(green/gray) and BakgCop 4As, (red/black).
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